1-4 and optical/magnetic tweezers 5-8 , have helped shed new light on the complex mechanical environments of biological processes. However, it is difficult to scale down the size of these instruments due to their feedback mechanisms 9 , which if overcome would enable highdensity nanomechanical probing inside of materials. A variety of molecular force probes 2 including mechanophores 10 , quantum dots 11 , fluorescent pairs 12,13 , and molecular rotors [14] [15] [16] have been designed to measure intracellular stresses; however, fluorescence-based techniques can have short operating times due to their photo-instability and it is still challenging to quantify the forces with high spatial and mechanical resolution. Here we develop a compact nanofiber optic force transducer (NOFT) that utilizes strong near-field plasmon-dielectric interactions to measure local forces with a sensitivity of <200 fN. The NOFT system is tested by monitoring bacterial motion and heart cell beating as well as detecting infrasound power in solution.
including mechanophores 10 , quantum dots 11 , fluorescent pairs 12, 13 , and molecular rotors [14] [15] [16] have been designed to measure intracellular stresses; however, fluorescence-based techniques can have short operating times due to their photo-instability and it is still challenging to quantify the forces with high spatial and mechanical resolution. Here we develop a compact nanofiber optic force transducer (NOFT) that utilizes strong near-field plasmon-dielectric interactions to measure local forces with a sensitivity of <200 fN. The NOFT system is tested by monitoring bacterial motion and heart cell beating as well as detecting infrasound power in solution.
The design and working principle of the NOFT is shown in Fig. 1a . SnO 2 nanofiber waveguides (WGs) 17 were placed on a substrate (silica or quartz) and gold nanoparticles (~ 80 nm diameter) were directly attached to the bare nanofiber via electrostatic forces to serve as reference nanoparticles (NP reference ). The sensor nanoparticles (NP sensor ) were designed by covalently linking cystamine-functionalized gold nanoparticles to a polyethylene glycol (PEG) monolayer grafted to the WG (Supplementary Section 1). The scattering intensity of NP sensor is strongly dependent on the WG-NP separation distance. Therefore, to quantitatively read-out forces on NP sensor via an optical signal, a link must be established between 1) the scattering intensity and polymer thickness and 2) the polymer thickness and the force applied on the nanoparticle. Both of these links can be achieved by initiating an accurate calibration model. We have statistically measured a 0.55 ± 0.05 ratio of the average scattering intensities between NP sensor and NP reference (Fig. 1b) and determined that the mechanical stiffness of the PEG films is stable up to two weeks when kept in PBS solution ( Supplementary Fig. 1 ).
White defect emission can be launched down the WG by exciting one end with a light source above the band gap of SnO 2 (3.6 eV) 17 . Since the position of the plasmonic nanoparticles can be optically tracked in the far-field with angstrom-level spatial resolution 18 , forces on the nanoparticles can be extracted by monitoring the scattering intensity assuming the mechanical properties of the polymer cladding are well characterized. The force sensitivity of the NP sensor can be calculated by multiplying the distance sensitivity (D sensitivity ) and the spring constant (k PEG ) of the PEG film. D sensitivity is determined by the minimum discernible intensity and the relationship between intensity and distance, such that D sensitivity = (Δσ/μ)/S distance , where Δσ/μ is the change in the coefficient of variation from the scattering intensity of NP sensor , and S distance is the local slope of the scattering intensity vs. nanoparticle-WG distance curve. As shown in Fig. 1c , the curves of σ/μ vs. μ for both NP reference and NP sensor follow similar trends indicating that there is no observable thermal-related vibration from NP sensor on the polymer. This is likely due to the dense polymer brush underneath NP sensor and an increased drag coefficient close to the surface 19, 20 .
From the noise level of these two curves, Δσ/μ is consistently centered at 0.005, independent of whether there is a PEG layer underneath or not.
An AFM integrated with an optical microscope was used to calibrate the force response of the NOFT. Due to the difficulty of reproducibly applying force directly on a NP sensor with a bare AFM tip, which often caused the nanoparticle to dislodge from the polymer film ( Supplementary   Fig. 2 ), we simultaneously measured the optical signal from a single nanoparticle-modified AFM tip (spring constant k = 9.4 pN/nm) and force-distance curves. Previous work showed that the AFM tip does not influence the scattering intensity during interaction of the nanoparticle with the WG (Supplementary Fig. 3 ) 21 . As the modified tip approaches the WG, the scattering intensity increases, plateauing with larger intensity fluctuations when the polymer is fully compressed ( Fig. 1e and Supplementary Fig. 4 ). The increased modulation is likely caused by small sliding of the tip along the WG surface (contacting slightly different regions of the nanofiber)
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. The force-scattering intensity vs. time retraction curve (latter 50 s in Fig. 1e ) can be converted to force-scattering intensity vs. distance (Fig. 1f) since the speed of the cantilever is known. During retraction of the AFM tip, we observed a 30% drop in the intensity (decay constant of 33 nm) from its maximum point within 10 nm, which corresponds to the thickness of the PEG monolayer in the force curve. We obtained an average PEG thickness of 15 ± 1 nm and a PEG chain density of 0.036 ± 0.006 chains/nm 2 by fitting the force curve with an Alexander-de
Gennes model for brush polymers 23, 24 (Supplementary Section 2 and Supplementary Fig. 5 ).
From the scattering intensity profile, a NP sensor sitting on a 15 nm thick PEG film corresponds to a 55% decrease in scattering intensity compared to NP reference , agreeing well with the measured scattering intensity ratio in Fig. 1b Accordingly, no binding of the bacteria to the NOFT was observed ( Supplementary Fig. 6 ). To verify that the measured force originated from motion of the bacteria, and not Brownian forces, dead bacteria were tested, resulting in a similar optical response as bacteria-free experiments ( Supplementary Fig. 7 ). These results were compared with AFM measurements (Supplementary Section 6, Fig. 2d ). The RMS of the AFM cantilever deflection in a solution without bacteria was 0.55 Å (Fig. 2e) giving a RMS force sensitivity of 2.2 ± 0.2 pN (k = 40 pN/nm). After adding bacteria, the induced force was approximately 10 pN (Fig. 2f) . Interestingly, the calculated average stress on NP sensor is four orders of magnitude higher than on the AFM cantilever (Supplementary Section 7). This is likely due to the small size of the nanoparticle (i.e., small drag coefficient) which doesn't filter as much of the higher frequency signals as the bulk cantilever 27 . This demonstrates that the NOFT is capable of monitoring sub-pN forces from microorganisms in a dynamic environment.
We subsequently explored the ability of the NOFT to detect acoustic signatures from both micromechanical and biomechanical systems 28 . An AFM tip was employed to generate small acoustic oscillations near a NP sensor by vertical modulation at low frequencies (Fig. 3a) . The small applied forces (~ 300 pN) did not produce any measurable vibration of the WG ( Supplementary Figs. 8 and 9 ), but once the tip was moved close to NP sensor (at a distance of ~ 500 nm), Fourier transforms of the scattering intensity resolved the oscillation frequencies of 1
Hz and 2 Hz that were applied to the AFM cantilever (Fig. 3b) . From these experiments we estimate that the NOFT can detect sound pressure levels down to -30 dB in water In summary, we developed a novel NOFT platform that leverages the optical response of plasmonic nanoparticles attached to a compressible cladding embedded in the evanescent field of a nanofiber. We achieved angstrom-level distance sensitivity and a force sensitivity of 160 fN.
After fully calibrating the system, the NOFT was used to detect sub-pN forces from the swimming action of bacteria, and acoustic signatures from beating cardiomyocytes with a sensitivity of -30 dB. With the ability to tune the force and dynamic range via the mechanical response of the compressible cladding, detect forces from multiple nanoparticles on a single fiber, and a geometry that can be inserted into small volumes, NOFT will become a valuable tool for biomechanical and intracellular studies. 
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The authors declare no competing financial interests. particles/ml, ~ 80 nm nominal diameter, Sigma-Aldrich) was first mixed with 1 mL of DI water containing 7.5 mg of cysteamine and stirred for 1 hour to functionalize the gold nanoparticles with thiol groups. After centrifugation and rinsing with DI water (x3), the nanoparticles were covalently linked to the carboxylate groups on the PEG polymer via EDC and NHS chemistry.
Alexander-de Gennes' force model
The Alexander-de Gennes' force model calculates the force between two equal surfaces containing polymer brushes using scaling laws 
Preparation of H. pylori bacteria
H. pylori Sydney strain 1 (SS1) was used in this study. The bacteria were maintained on a Columbia agar supplemented with 5% (vol/vol) laked horse blood at 37 °C under microaerobic conditions (10% CO 2 , 85% N 2 , and 5% O 2 ), as previously described bacteria/s.
Force detection with a free-standing AFM cantilever
After immersing an AFM cantilever (spring constant k = 40 pN/nm) in PBS buffer for 1 hour to stabilize the system, the deflection sensitivity of the cantilever was measured, and the cantilever was moved away from the surface so that the deflection feedback could be measured. The imaging size was set to zero and the deflection data were recorded with/without bacteria at room temperature.
Average stress applied on NP sensor and AFM cantilever
The spring constant (k) for a rectangular beam can be derived from Euler-Bernoulli beam theory 
Cardiomyocytes sample preparation
Gelatin methacrylate (GelMA) was synthesized as previously described 11 . Gelatin (10% wt/vol, Type A, 300 Gel Strength, Sigma-Aldrich) was dissolved in Dulbecco's phosphate buffered saline (DPBS, Gibco). The solution was allowed to stir for 1 hour at 60 °C and subsequently degassed and purged with argon. Methacrylic anhydride (Sigma-Aldrich) was added to the solution at a rate of 0.5 mL/min to a final concentration of 8% (vol/vol). The solution was stirred for 3 hours and diluted 1:1 with warm PBS. The dilute solution was dialyzed against DI water using 13.5 kDa cutoff dialysis tubing (Spectrum Labs) for 1 week at 40 °C.
Samples were frozen and free-dried via a lyophilizer (Labconco), and stored at -80 °C until used.
Photoinitiator, LAP was synthesized as previously described 12 . A solution of 2,4,6-trimethylbenzoyl chloride (0.018 mol, Acros Organics) was added dropwise to an equimolar amount of dimethyl phenylophosphinate (Sigma-Aldrich). The reaction was stirred continuously for 18 hours at room temperature under argon. The solution was then heated to 50 °C and a fourfold excess of lithium bromide (Sigma-Aldrich) dissolved in 100 mL of 2-butanone was added.
After 10 minutes, a solid precipitate formed and the solution was allowed to cool. After 4 hours, the filtrate was washed three times with 2-butanone (Sigma-Aldrich) and vacuum filtered. 
